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PRELTMINARY ATR<FLOW AND THRUST CALTBRATTORS OF SEVERAL CORICAL
COOLING-ATR EJECTORS WITH. A PRIMARY TO SECONDARY
| TEMPERATURE RATIO OF 1.0
I - DIAMETER RATTIOS OF 1.21 and 1.10

By Wo K. Greathouse and D. P. Hollister

SUMMARY

An investigatlon of the performance of several conical cooling-air:
eJoectors was made at primsry Jet pressure ratios .from. 1l to 10, secondary
shroul pressure ratlos from 0,60 to 4,00; and primary to secondary
temperature ratio of 1,0. Primary alr flow, secondary air flow, primary
nozzle thrust, and gross eJector thrust were measured. The data are pre-
sented in terms of secondary to primsry welght-flow ratic and gross
ejector to primary nozzle thrust ratio, This phase of the investigation
was limited to 'ejectors having shroud-exit to primary-noczzle-exit dism-
eter ratios of 1.21 and 1.10 with several spacing ratios for each.

The experimental results Indicated that for an ejector having a
glven diamster ratio, the spacing ratio for maximum thrust was consider-
ably less than the spacling ratlo for maximum pumping. The smaller-
diameter-ratio ejector produced less thrust loss at secondary pressure
ratiogs below 1.Q0 than did the large-d.iameter-ra:bio e,jec'bor. The dgba
further lindicated that significant lomses
the cooling-airf_;gfi’e’cﬁ%rolwotﬁling in the upstream seconda.ry

INTRODUCTION

The alr eJector haes been esteblished as a simple, light-welght
device for pumping cooling alr for turbojet-engine instellations and has
been the subject of numerous theoreticael and experimental Investigatlons.
Refersnce 1 presents conlcal-ejector deslgn charts and alr~flow informa-
tion for primary tobtal to ambient pressure ratlos from 1 to 2.80. Pumping
characteristice of cylindrical eJectors in reference 2 and of conical
ejectors with zero secondary ailr flow in reference 3 glve sjector per-
formance at the higher pressure ratios that are encountered at high
Plight speeds. Proper selectlon of an elector conflguration, however,
requires knowledge of the thrust performance at varlious operating
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conditlons, as well as of the pumping characteristlios presented in the
references. )

In order to extend the range of existing cooling-alr flow data and
to make thrust performance data avallable, the NACA Lewls laboratory is
conducting an experimental investlgetion of conlcal-type cooling-alr
ejJector models. Experimental results are presented for a limited number
of eJector configurations operating over a wide range of condltions;
1ittle atbtempt was made hereln to establish optimum ejector deslgn.
Thrust and pumping characteristlcs over a range of primery pressure
ratios Pp/Po from 1 to 10 and secondary pressure ratios Ps/Po to 4.00
are given for conical ejectors having dlameter ratios Dg /])p of 1.21
and 1.10 with spacing ratlos 8/D, of approximately 0.4, 0.8, 1.2, and
1.6 for esach. The investigation was conducted with a convergent primary
Jot nozzle anl a conloal secondary shroud with unheated alr at a temper-
abure of approximastely 80° F.

APPARATUS

The nomenclature used for the conigal-ejector lnvestligatlons is
listed in figure 1 and the apparatus used is schematlically shown in fig-
ure 2. The sjector conzisted of a primsry Jet nozzle within a concen-
tric shroud extending into an exhaust chember comnected to the laboratory
exhaust system. Primary and secondary air flows were introduced into con-
centric pipes and passed through the ejector lmto the exhaust chember.

The capacity of the system ensbled the total pressure to be varled to a
maximum of 72 inches of mercury absolute for the primary and to 56 inches
for the secondary, while the exhaust pressure was reduced from atmospheric
to 4 inches of mercury absolute. The alr was passed through a drier and
suppllied at 80° F with a humidity of 2 gralns of moisture per pound of
dry alr. : : ’

Primary and secondary air flows were meassured by means of gtanderd
A.S.M.E. sharp-edge orifices. Total pressure and temperatures were
measured by total-pressure tubes and iron-constanten thermocouples., The

primary and secondary pressure messuring statlons were 177‘1- inches and
4,12'. inches upstream of the pr:!.marg nozzle exlt, respectively. The primary
stream temperature station was 4I inches upstream of the primary nozzle

exlt and the secondary temperature station was 4% inches upstream of the

geme exit. Exhaust pressure was meassured by static pressure taps
located on the outside of the shroud-exit 1lip.

The ejector alr supply ducts were connected to the lgbaratory alr
system by flexible bellows and plvoted to a gteel frame in order to
freely transmlt the asxial force to a balanced-pressure diaphregm, null-
type, thrust-measuring cell which produced an. output pressure dlrectly
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proportional to the appllied force. A counberweight was connected to the
ejJector rig by large pulleys and steel tapes so that an axial preload
force could be applied to the thrust cell. The sllp Joint bebwsen the
eJector ducts and exhaust chamber had adequaste clearance to prevent metal-
to-metal contact.

The primary nozzle had a half-cone angle of 8°, an exit diameter of
4 Inches, and a S5-inch-ingide-dlameter approach pipe. The ghroud had an
8° hglf-cone angle and a 10-lnch-inside-diameter approach pips.

PROCEDURE
The performance of each ejector configuration was investigated over
& range of primary pressure ratlos from 1 to about 10 wlth verious con-
stant secondary pressure ratlos up to 4.00. Additional tests were performed
for zero secondary alr flow with the upstream secondery-flow passage
blocked. Also, a callbration of the primary nozzle with the shroud N

removed was made to determine flow coefficlents and primery nozzle thrust
over the range of primary pressure ratios.

Two shrouds with different exit diamesters were used to provide diam-
eter ratlos Ds/Dp of 1.21 and 1.10. The spacing ratlo S/D._[_> was
varled for each dlameter ratio to values of approximately 0.4, 0.8, 1.2,
and 1.6 by inserting spacer rings and gaskets between the approach plpe
and the shroud. -

The axlal force transmitted to the thrust cell was composed of (1)
the eJector thrust force,’ (2) the pressure-area force acting on the
eJector whilch resulted from the pressure dilfferential across the slip
Joint, and (3) the axial prelosd force. The pressure-area force was )
determined from a calibration over the exheust-pressure range. The pre-
load was kept abt such a value that the net force on the thrust cell was
always 1n the same direction. The eJector thrust was obtalned by sub-
tracting the force acting on the thrust cell from the sum of the preload
and pressure-ares forces. In order to assure accurabte and congistent
thrust data, the pressure-area force callbration curve was checked dally
throughout the investigation.

RESULTS AND DISCUSSION
Pumping Characteristics

-

The effect of primary pressure ratio Pp/ pp on welght-fiow ratlo

Wy /W, at various constant secondary pressure rabios Py /po 1s shown in

figures 3(a) to 3(d) for the l.2l1-dlemeber-ratic ejector and in fig-
ures 3(e) to 3(h) for the dilemeter ratio of 1.10. Figure 3(a) presents
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ejector pumping characteristics that are typlcal of the conical-type con-
Plguration In this investigation. The curve imtercepts on the P,/py-exis
were determined with the upstream secondary flow passage blocked }(Jzero
secondary flow). For secondary pressure ratlos less than 1.00, pressure
in the secondary shroud was less than exhaust-chamber pressure. There-
fore, at low primary pressure ratios, & certain amount of air flowed
from the exhaust chamber into the shroud, where it was entralned by the
primery Jet and discharged. At the lower primary pressure ratlo for
which the weight-flow ratlio was zero, the Inflow was exactly balanced by
the entrairment. Ag the primary pressure ratioc was increased beyond thils
point, the eJector pumping action stopped the inflow and so influenced
the secondary flow that the weight-flow ratlo reached peak values, and
then decreassed to zero as the primary Jet overexpanded into the conical
mixing section (reference 1). For secondary pressure ratlos greater
than 1.00, increasing the primary presesure ratio caused the primary Jet
to progressively block the secondary flow area untll the welght-flow
ratio was decreased to zero. : :

The range of operation at a glven secondary pressure ratio was thus
limited by the primary pressure rabtlo at which the secondary flow became
zero (hereinafter referred to as the cut-off point). Operation beyond
the cut-off point in actual alrcraft installations will result in a back
Plow from the primary Jet into the secondary system.

Porformsnce charscteristics illustrated in figure 3(d), for the
largest diemeter and spacing ratio investigated (D /]c),ghn 1.21,
S/Dp = 1.58), were gsomewhat different from those o% er configura-~
tions. The regions shown by broken lines were very unstable and date
points could not be obtained to determine the exact shape of all the
curves. A brief inspection of the static pressure proflle along the
shroud wall indicated that this phencmenon was caused by &a series of
maltiple shock and expansion waves in this particular configuration.

Another pecularity in ejector performance 1s shown in fl e 3(e)
for the smallest dlemeter and spacing ratio investlgated (DB%; = 1.10,
S/Dp = 0.39). Two distinct regions of peak woight-flow ratio ocourred
for seconlary pressure ratios of both 0.90 amd 0.95.

The effect of spacing ratloc S/Dp on wolght-flow ratio ls demon-
strated in figure 4 for the diamster ratios of 1.21 and 1,10,
Thoge curves are crossplots of preceding figures and are shown for o
primary pressure ratlos of 2.00, 3.50, and 9.00, which may be conslidered
representative of teke-off, high subsonic, and supersonic flight condl-
tions, respectively. Except for flgure 4(a), these plots indicate the
e joctor spacing ratio at which maximum welght-flow ratio occurred. For

& glven dlameter ratio, the spacing ratic that provided maximum welght-

flow ratio wes about the same for all three primary pressure ratilos.

£8S2
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Therefore, optimm pumping characteristlcs may be closely approximsted
over a range of operabting conditions with an eJector having a filxed
spacing ratio. Comparison of figures 4(a) to 4(c) and 4(d) to 4(f)
reveals that meximm welght-flow rabtlo generally occurred at a larger
spacing ratio for the ejector having the larger dlameter ratlo, for
exzmple, at a spacing ratlo of @bout 1.3 to 1.5 for the dlamster ratio
of 1.21 and at a epacing ratlo of approximately 1.0 for the 1,10 diam-
eter ratio. A filnal cholce of ejJector geometry must, however, be based
on thrust performance as well as on opbtimum pumping characterlstics.

The primsry pressure ratio at which secondary flow became zero (cut-
off point) is shown in figure 5 to indlcate how variations in spacing
ratlo affect the range of primsry pressure ratlos over which the eJector
wlll operate. For secondary pressure ratios less than 1.00, the ejJector
will pump cooling air over the range of primary pressure ratlos contained
bebween the two secondary-pressure-ratlo curves. For secondary pressure
ratios greater then 1.00, the range of operation 1s bounded by the verti-
cal axls (Pp/po = 1,0) and one secondary-pressure-ratio curve. Four
curves are shown for the secondary pressure ratio of 0.90 in figure 5(b)
because the sjector did not pump in the cross-hatched reglon, as may be
surmised fram figure 3(e). At & partioular spaclng ratio and secondary
pressure ratio above 1.00, the cut-off point occurred at a higher primary
pressure ratio for the larger-diameter-ratlio elector, as mlight be expec-
ted, because to fill the shroud of the larger-dlameter-ratio ejector a
greater primary jet expansion angle (and hence, greater primary pressure
ratio) was regquired.

T_hrus'b Characteristlcs

The effect of primary pressure ratlio on ejector thrust ratilo
Fq J/F;] 1s shown in flgure 6 for several values of constant secondary
pressure ratlo, Becanse the thrust ratioc is defined as the ratlo of
gross ejector thrust to gross primary nozzle thrust (without the shroud)
at the game over-all primery pressure ratio, values of thrust ratlo less
then 1.0 denote a loss 1n Jet thrust below that of the convergent primary
nozzle alone, and values of thrust ratio greater then 1.0 denote a galn
in thrust with the ejector. This method, of course, does not charge
elther stream for inlet momenbum of air flow.

The lines marked X In figure 6 are thrust ratios of the eJector
obtained with zero secondary flow (upstresm secondary passage blocked)
and will be referred to as the zero-flow thrust curve. Characteristlcs
of this curve are similsr ‘to those of a convergent-divergent nozzle
thrust curve and are dlscussed in referemce 3, along with the effects of
shock lossesz on eJector thrust. : :
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In general, the thrust-ratio curves at constant secoodary pressure
ratlio meet the zero-flow thrust curve at the same primary pressure ratio
for which the weight-flow ratio curves of the same configuration became
zero. However, for both -diameter ratios with the smallest spacing ratio
investigated, (figs. 6(a) and 6(e)), several thrust-ratio curves inbter-
sected and came below the zero-flow thrust curve at low valués of primary
Presgure ratlo. This occurred because at a glven over-all primary pres-
sure the effectlive pressure ratio across the primaery nozzle decreased as
‘the pressure 1in the sHroud lncreased; that is, effective primery pressure

ratio approximately equals E;.P. = ip pO. Therefore, at pressure ratlos
8 8/ 50

for which the primary nozzle was not choked, a greater mass flow (and
hence, greater thrust) was produced in the primary system at zero~
secondary-flow conditions than with a finlite secondary slr flcw and con-
sequent higher shroud pressurs.

For a speciflc eJector conflguration, the gemeral trends (at con-
stant secondary pressure ratio) of the thrust-ratio and welght-flow-
ratio curves were similar., EJector thrust ratios both greater and
smaller than 1.0 were obtalned at high secondary pressure ratios. Bub
at secondary pressure ratios below 1.00, the thrust-ratio curve remsined
below 1.0 for all configurations. 'The minfmum value of thrust ratio
occurred with zero secondary flow for all ejectors investigated and when
a relatlively small amount of secondary flow was introduced (increased
secondary pressure ratlo), the thrust ratio greatly increased. Thus, if
an eJector were operating at a certailn primary pressure ratioc with a con-~
stant pressure at the inlet of the secondary flow system, a large reduc-
tion in gross thrust would occur i1f the secondary flow were reiuced by
throttling in the upstream secondery flow passage. For the eight ejector
conflgurations Investigated, the magnltude of the maxirmm thrust loge at
zero secondary flow wes changed by veriations in elther the dismeter
ratlio or the spacing ratio. Losses &8 great as 21.5 and 12 percent of
convergent nozzle thrust ocourred for the 1.21 and 1.10 diameter retioc
eJector, respectively. _

The effect of spacing ratlo on thrust ratio is shown 1n flgure 7
for the 1.21 and 1.10 diemeter ratlos. These cross plots of preceding
figures are shown for constant secondary pressure ratios and for zero
gsecondary flow at primary pressure ratios of 2.00, 3.50, and 2.00.

For the l.2l-diameter-ratlo ejector (figs. 7(a) to 7(c)), changes
in spacing ratio at constant secondary pressure ratlo had only a moderate
effect on thrust ratio, the dlrection of the effect depending upon the
conditions at which the ejector was operating. Maximum thrust ratio,
however, generally occurred at & spacing ratio between 0.4 and 0.8,
Thus, it 1s indicated that the spacling ratlc for maximm thrust 1s-leas
than the spacing ratio for meximm pumping (S/Dp = 1.3 to 1.5, from
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figs. 4(a) and 4(b)). At zero secondary flow, & minimum thrust ratio
occurred at a spacing ratio of sbout 1.20 for the three primary pressure
ratlios shown.

As shown in figure 7(d) to 7(f) for the 1.10-diameter-ratio ejector,
the maxlimm thrust ratio occurred bebween spaclng ratios of 0.60 and 1.00
for all the constant-secondary-pressure-ratlo curves. Therefore, it Is
agalin indicated that the spaclng ratio for maxlimum bthrust 1s less than
the spacing ratio for msximum pumping (S/DP = apboub 1.0, from figs. 4(d)
to 4(£)). For zero secondary flow, the minimm thrust ratio occurred abt
a spacing ratio of about 1.3.

Comparison of the two dlameter ratlo ejectors at a fixed spacing
shows that greater thrust was abtbtalned by the large dlameter ratio at
high secondary pressure ratios, but for low secondary pressure rabtios,
greater thrust was attalned wlth the small dlemeter ratlo.

The comparlisons made hereln are based on eJector characteristilcs
alone. For a speclific alrcraft installation, a flnal cholce of eJector
geometry must be based on the comblned performence of the ejector and
the cooling-ailr supply ducting over the complete range of operatling con-
dltions. Also, it must be remembered that the data presented herein were
obtained wilth an urheated primery Jet at an ejector temperature ratio of
1.0. A correction to the values of welght-flow ratlo mmst be made for
the ratio of cooling-air to sengine-gas temperature (hot weight-flow ratio

= cold welght-flow ratio X '\/Tp7Ts) ag described in reference 4. This

correction factor, however, 1s sppliceble only at relatlvely low second-
ery pressure ratios as shown in reference 5. T

The exact effect of high temperabture on ejector characteristics hes
not been completely determined.  Reference 4, however, showed that a
heated primary Jjet inoreased the welght-flow ratlo, reference 3 indicated
a shift in the cut-off point to slightly lower .primary pressure ratios, -
and reference 5 revealed roughly a 5-percent loss 1ln eJjector thrust for
a ‘temperature ratio of 3.0 as compared wlth the thrust abt a btemperature
ratio of 1.0. In spite of this somewhat limlted evldence, 1t must be
assumed, untll more complete high~temperature data are avallable, that
performence of full-scale ejectors operating at temperature ratlos
grogter than 1.0 may be approximated by cold-model-ejector dabta corrected
to the desired btemperature ratlio.

CONCLUDING REMARKS
The experlmental dats presented herein showling pumping and thrust

characteristics of conical cooling-alr eJectors lndicated that for each
dismeter ratio (1.21 and 1.10) there exlsted a spacing ratio that gave
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maxlmm pumping snd another that gave maximum thrust for a particuler
primary and secondary pressure reblo, The spacing for maximum thrust
was ghorter than that for maximm pumping. -

For a glven spacing ratlio ani secondary pressure ratio, the 1.21-
dlismeter-ratio ejector pumped cooling air over a wider range of primary
pregsure ratlos than did the l.l0-dlameter-ratic ejector.

At hlgh secondary pressure ratlos, both the 1.21- and 1,10-diameter-
ratio ejectors produced gross thrust ratios greater than 1.0, but at low
Becondary pressure ratlos the smaller dlampter rabtio gave the least loss
of thrust. At zero secondary flow conditions, thrust losses as great as
21.5 and 12 percent of .convergent nozzle thrust occurred for the 1.21-
and 1.10 dlameter-ratio ejectors, respectively. The data indicated that
reducing the coollng-air flow by throttling 1t upstream of the ejector
introduces additlonal gross thrust losses that become very large at
some operating conditions.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautlce
Cleveland, Ohio
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VTp/Ty
We/Wy

B —— ——»FA

pa r po

exit dismeter of prim.ry_ norele
"exlt dlameter of secondary shroud

gross eJjector thrust

gross thrust of primary nogzle without Bhroud.
Tressure-area force acting on ejector = (pg-Py) X constant
totel primary pressure

total secondary pressure

atmospheric pressure = o . - -
embient or exheust pressure

spacing, distance from primery exit to shroug exit
total primary temperature, CR

total secondary temperature, ©R

" primery weight flow, 1b/sec

secondary weight flow, 1b/sec

diameter ratio

thrust ratio

primary pressure ratio

secondary pressure retic

s'p_a.cing ratlo

welght-flow correotion factor - cold deta to hot data
.

Figure 1, - Nomenclature for ejector investigation.

wolght-flow ratio



10

NACA RM ESZE2l

I
Si—Se.condary ailr flow

Pivot point

—w———Primary air flow

i
1
Il
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N

Figure 2. - Schematic diagram of model aetup for ejasctor investigaticn.
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